Introduction 7 1
Cortical volumetric analysis with FreeSurfer 1, 2 is widely used to study the neuroanatomic 7 2 basis of cognitive, behavioral, and motor deficits in patients with traumatic brain injury (TBI). [3] [4] [5] [6] 7 3
However, cortical lesions caused by TBI pose major challenges to FreeSurfer's standard 7 4 automated magnetic resonance imaging (MRI) processing pipeline. Lesions often compromise 7 5 the accuracy of the cortical surfaces that are reconstructed and used by FreeSurfer to generate 7 6 volumetric measurements. 4, 6, 7 As a result, TBI imaging studies have historically excluded 7 7 patients with large focal lesions. 5, 8 Development of a tool that accounts for lesions in cortical 7 8 volumetric analysis is needed to prevent the systematic exclusion of patients with large cortical 7 9
lesions and to ensure that TBI imaging studies are generalizable across the full spectrum of 8 0 cortical pathology. Moreover, integration of such a tool into the FreeSurfer software platform method makes no assumptions about lesioned cortical surface anatomy, and it minimizes bias by 9 3 requiring the manual rater simply to identify inaccuracies without changing the surfaces. In this 9 4 study, we use the lesion correction method to assess the topology of lesion overlap with 9 5 functional brain networks and to characterize inter-network differences in lesion burden. We 9 6 also distribute the lesion correction method to the academic community to facilitate future 9 7 studies of network-based mechanisms of neurological deficits in patients with TBI. Supplementary Fig. S1 ). We first processed all MEMPRAGE data using the standard FreeSurfer pipeline (version 6.0) for 1 1 9 cortical surface reconstruction and cortical volume estimation. 1 We used the "big ventricles" 1 2 0 function to optimize automatic segmentation for a patient population with enlarged ventricles. In points. To ensure that the lesion correction method would be tested in an unbiased manner, we 1 2 5 did not manually edit regions bordering cortical lesions. We then resampled the Yeo 7-Network We performed visual quality assessment for all 98 scans based upon delineation of grey-white 1 3 2 matter boundaries and the accuracy of the FreeSurfer-generated surfaces. We defined scan We next assessed each MRI scan for focal lesions causing encephalomalacia of the cerebral 1 4 6 cortex (Fig. 1, top row) . 15 All such lesions were considered for subsequent lesion correction sites where FreeSurfer's modeled surface mesh erroneously passed through subcortical tissue 1 5 8 ( Fig. 1, top row) . Next, we manually labeled these surface-points to produce lesion-induced 1 5 9 inaccuracy labels (Fig. 1, middle row) . Finally, we applied these labels as exclusion masks to 1 6 0 remove affected surface regions and calculate corrected cortical volumes (Fig. 1, bottom row) . After performing this lesion correction procedure, we used standard FreeSurfer tools to lesion correction procedure (Fig. 2) . There was no need to correct cortical volume measurements 1 6 5 by total intracranial volume in this study because all network-based measures (i.e. % change in 1 6 6 volume) were calculated at the single-subject level. An overview of the lesion correction procedure is shown in Video 1, and additional in the lesion correction procedure on https://github.com/ComaRecoveryLab/Lesion_Correction. We used the intraclass correlation coefficient to test interrater reliability for lesion volume 1 7 3 measurements. We report descriptive statistics for the average percent cortical surface area and 1 7 4 the average percent cortical volume affected by lesions for each network. Due to the presence of severe anatomic distortions, two of the 98 patients' scans did not complete FreeSurfer's standard processing pipeline (visual assessment scores=0). Of the remaining 96 1 8 0 scans, nine received a visual assessment score of 1 by the two raters and were excluded, yielding 1 8 1 a final sample size of 87 patients. The 87-patient cohort was comprised of 60.9% men, with a 1 8 2 mean +/-SD age of 56.7 +/-12.0 years. Injury severity was classified as mild (n=3), moderate 1 8 3 (n=42), and severe (n=32); in 10 participants duration of LOC was unknown and records were 1 8 4 not available. The duration from most recent TBI to MRI was 10.9 +/-9.1 years. Additional The intraclass coefficient between the two physician raters across 20 datasets was 0.99 [95% Because sufficient inter-rater reliability was established in this test set (n=20; intraclass 1 9 3 correlation coefficient > 0.9), all subsequent lesion identification was performed by the 1 9 4 technician rater, B.R.D. Forty-six of the 87 patients had at least one lesion that affected the accuracy of the FreeSurfer-1 9 8 modeled cortical surface. There were 120 total lesions, with a median of 2 lesions per patient (range 1 to 10). On average, lesions overlapped with 4.6 +/-1.6 of the 7 networks. A group-level 2 0 0 lesion topology map demonstrated an orbitofrontal and anterior temporal predominance of the 2 0 1 lesions (Fig. 2, Videos 2 and 3) . The limbic and default mode networks were lesioned in the largest proportion of patients (44/46 2 0 5 scans, 95.7% incidence for both networks), followed by the executive control (78.3%), and patients ( Supplementary Fig. S2 ). The largest mean percentage of lesion-network surface area 2 0 9 overlap occurred within the limbic network (4.4 +/-3.7% of total network surface area; 2 1 0 Supplementary Table 3 ). When considering networks impacted by the lesion correction method in the 46 patients with 2 1 4 cortical lesions, we observed a median decrease in network-based cortical volume of 3.4% 2 1 5 (range <1.0% to 47.0%). The limbic network had the largest lesion-induced mean +/-SD 2 1 6 percentage decrease in cortical volume (12.7 +/-9.7%; Supplementary Table 4 ). We introduce a new FreeSurfer-based method for cortical volumetric analysis in patients with 2 2 0 lesions caused by TBI. We apply this method in a cohort of 87 patients with chronic moderate-to-2 2 1 severe TBI and show that lesion-induced cortical inaccuracies are not equally distributed within 2 2 2 the brain's functional networks. Rather, inaccuracies preferentially affected the limbic network,
